What is the rationale for adding incretin-based therapies to insulin? The combination of the incretin-based therapies, i.e., the dipeptidyl peptidase (DPP)-4 inhibitors and glucagon-like peptide (GLP)-1 receptor agonists (GLP-1RAs), with basal insulin has, in theory, logical appeal. While basal insulin primarily improves fasting plasma glucose (FPG) control, the glucose-dependent effect of incretins will additionally benefit postprandial plasma glucose (PPG) control. This should enable improved control of A1C with the expectation of relatively stable blood glucose concentrations, and the combination of incretins with basal insulin might reduce insulin dose requirement and, consequently, weight gain. This also supports the concept that combining the incretin-based therapies with basal insulin should enable tight glycemic control with a low risk of hypoglycemia. Furthermore, a reciprocal benefit of this combination is that the basal insulin will theoretically supplement endogenous insulin production and "rest" the b-cell, enabling greater recovery of the endogenous insulin response when required. The basis of this theory is formed from research showing benefits with incretin therapies for b-cell function (1) and b-cell mass in experimental systems (2) (3) (4) .
In addition to their antihyperglycemic properties, GLP-1RAs also reduce gastrointestinal motility, which, together with increased satiety, produces a weightsparing effect (2) . This quality could mitigate the weight gain associated with insulin therapy and might be further enhanced through any reductions in insulin dose.
Evidence to date: how do the data from insulin plus incretin clinical studies meet with expectations? Glycemic control. Using basal insulin to reduce FPG is an effective way of improving glycemic control; however, the second component of glycemic control, PPG, requires additional consideration. This is one area where incretin-based therapies and basal insulin should have complementary actions. Adding incretin-based therapies to insulin. In an uncontrolled, retrospective investigation involving a cohort of 188 patients receiving insulin, the addition of exenatide produced an A1C reduction of -0.66% (P , 0.001) from a baseline value of 8.05% after 6 months of combination therapydan improvement that was maintained at 27 months (5). Moreover, the patients in this study had a long duration of diabetes, with~70% having had a diagnosis of type 2 diabetes for .10 years. This demonstrated that improvements in glycemic control can be attained even in the advanced stages of the disease.
A 30-week, prospective, controlled, randomized study, involving 261 participants with type 2 diabetes, found similar improvements in glycemic control when exenatide was added to insulin glargine (with or without oral antidiabetes drugs) (6) . Exenatide decreased A1C by -1.74% from baseline values, and this reduction was significantly better (P , 0.001) than in placebo-treated subjects (-1.04%). Furthermore, the placebo group required a seven-unit increase in final insulin dose, highlighting the efficacy of supplementing basal insulin with exenatide. These improvements in A1C were driven exclusively by a greater reduction in PPG with exenatide, lending support to the theory of complementary blood glucose-lowering actions.
The efficacy of an insulin plus GLP-1RA regimen has been further reinforced by a retrospective study (7) . Obese patients with type 2 diabetes who added either liraglutide (n = 40) or exenatide (n = 21) to basal insulin exhibited a reduction in mean A1C: from 8.9% at baseline to 7.9% at 7 months (P , 0.001).
A small-scale observational study involving obese patients with type 2 diabetes receiving high doses of basal insulin (mean daily dose 192 6 77 units/day) (8) revealed the benefit of combination therapy in very insulin-resistant subjects. After 12 weeks of coadministration of liraglutide, A1C decreased by 1.4%. This improvement is remarkable given that basal insulin doses were reduced by 28%.
Incretin-based therapies appear to be particularly effective in Asian patients with type 2 diabetes. This is possibly a result of a pathophysiology of insulin deficiency rather than insulin resistance, and it has been suggested that this is the result of an underlying GLP-1 insufficiency in these patients (9) . One recent study, involving an Asian population, has confirmed the advantages of adding GLP-1RAs to basal insulin in patients with poorly controlled A1C (10) . Supplementing basal insulin plus or minus sulfonylurea with once-daily lixisenatide significantly improved 2-h PPG, average 7-point self-monitored blood glucose (SMBG), and FPG. A significantly (P , 0.001) greater percentage of patients receiving lixisenatide achieved A1C ,7.0% (35.6%) compared with placebo (5.2%). The short-acting profile of lixisenatide has a pronounced effect on postprandial glycemiadreducing glucose excursion by 75% in one recent study (11) . This effect likely involves a reduction in gastric emptying rate.
The GetGoal-Duo 1 study assessed the complementary action of lixisenatide and insulin glargine in patients with type 2 diabetes failing on oral antidiabetes medication. After a 12-week run-in phase in which insulin glargine was initiated, patients with A1C $7% were randomized to 20 mg lixisenatide (n = 223) or placebo (n = 223) for 24 weeks while continuing on insulin glargine. At study end, A1C was -0.32% lower in lixisenatide-treated patients, P , 0.0001, and there was a significant improvement in 2-h prandial glycemia versus the placebo (12) .
In patients with type 2 diabetes already receiving insulin, GetGoal-L compared the addition of 20 mg lixisenatide once daily versus a placebo. After 24 weeks, lixisenatide significantly reduced A1C and improved 2-h prandial glycemia. A greater proportion of patients receiving lixisenatide achieved A1C ,7.0% compared with placebo treatment (28 vs. 12%; P , 0.0001) (13) . The GetGoal studies lend further support to the theory that short-acting GLP-1RAs, such as lixisenatide, are effective in targeting prandial glycemia.
The combination of long-acting GLP-1RAs with basal insulin is currently being investigated. A recent study paired insulin glargine with either albiglutide or prandial insulin lispro. Basal insulin-treated patients were randomly allocated to receive either once-weekly 30 mg albiglutide (n = 282) or insulin lispro (n = 281) while continuing on metformin or thiazolidinedione. After 26 weeks of treatment, A1C was -0.82 and -0.66% with albiglutide and insulin lispro, respectively. This study demonstrates a potential alternative treatment regimen for patients unable or unwilling to adhere to a prandial insulin injection schedule (14) .
In studies where DPP-4 inhibitors have been added to basal insulin, there have also been improvements in glycemic control. In a study of 296 patients with poorly controlled glycemia (mean A1C 8.4%) requiring high doses of basal insulin ($30 units/day), either 50 mg vildagliptin twice daily or a placebo was added for a 24-week period (15) . At study end, A1C had decreased by -0.5% in the vildagliptin-treated patients and -0.2% in the placebo group (P = 0.01). In a 28-week extension, where placebo-treated subjects were switched to 50 mg vildagliptin once daily (16), patients continuing on 100 mg/day vildagliptin maintained their lower A1C through to 52 weeks, and those switched from placebo to vildagliptin 50 mg once daily benefited from a reduction of -0.4% in A1C.
Another DPP-4 inhibitor study compared the addition of alogliptin (12.5 or 25 mg) or placebo once daily to a basal insulin plus metformin treatment regimen in 390 patients with mean A1C 9.3% (17) . During the course of the study, insulin doses were kept constant to allow direct comparisons of A1C to be made between treatment arms. At 26 weeks, alogliptin significantly (P , 0.001) reduced A1C, by -0.63 and -0.71% in the 12.5 and 25 mg/day treated groups, respectively, compared with a -0.13% reduction with placebo (P , 0.001). FPG was largely unchanged during the study (0.1 mmol/L increase with 12.5 mg and -0.6 mmol/L with 25 mg alogliptin), suggesting that the reduction in A1C was largely attributable to lower PPG. Given that the participants in the study had been diagnosed with type 2 diabetes for .12 years, it is possible to theorize that b-cell output was limited and that a significant proportion of the improvement in A1C was the result of enhanced a-cell function. This hypothesis may also be applied to GLP-1RAs; however, further investigation is required to substantiate this.
The effect of combining sitagliptin with basal insulin has been evaluated in a controlled 24-week study (18) . As with previous investigations, the participants (n = 641) had a long history of diabetes (diagnosis .12 years) and poorly controlled glycemia (A1C 8.6%). As in the previously described study, insulin and metformin doses were not altered during the course of the study. At end of trial, once-daily 100 mg sitagliptin produced a reduction of -0.6% in A1C, with no change in a placebo-treated group (P , 0.001). Concurring with earlier studies, a reduction in 2-h PPG was the primary factor in improved glycemic control with placebo-corrected reductions of -2.0 mmol/L postmeals and -0.8 mmol/L in FPG.
A 24-week study in patients with poorly controlled A1C (7.5-11%) demonstrated that compared with increasing the basal insulin dose by up to 25%, adding sitagliptin to an insulin-based regimen lowered A1C more effectively (-0.6 vs.
-0.2%; P , 0.01) and was associated with lower rates of hypoglycemia (7 vs. 14.3 events per patient-year) and less weight gain (19) .
Adding insulin to incretin-based therapies. Thus far, the studies in this review have only considered the addition of incretinbased therapies to basal insulin; however, there have also been studies examining the reverse situation: initiating insulin therapy in patients already receiving incretinbased therapies.
In one study, 38 patients (duration of diabetes 8.5 years) received exenatide (maximum dose 10 mg twice daily) plus metformin for an 8-week run-in period, after which they were randomly assigned to start either insulin glargine plus continued exenatide injections or insulin glargine with placebo injections (discontinuing exenatide) (20) . After a further 24 weeks, A1C was lower in patients continuing on exenatide, falling from baseline values of 7.8-6.45%, compared with 7.3% in patients receiving placebo injections, although the treatment difference was not significant (P = 0.06). A larger proportion of patients continuing with exenatide (76%) reached a target A1C of ,7.0% compared with those receiving the placebo (24%, P = 0.003).
One of the largest studies to assess the combination of GLP-1RAs and insulin was a prospective investigation involving 988 insulin-naïve patients with type 2 diabetes (21) . Patients failing to control glycemia with metformin plus or minus sulfonylurea underwent a 12-week run-in period, during which they received $1,500 mg/day metformin with liraglutide (1.8 mg once daily) and discontinued sulfonylurea: 61% of patients reached a target A1C of ,7.0%. After the run-in had completed, patients with A1C .7.0% were randomly allocated to either continue on metformin plus liraglutide or add insulin detemir (titrated to maintain FPG at 4.0-6.0 mmol/L) for an additional 26 weeks. At the end of the study, an A1C reduction of -0.51% was observed in patients treated with insulin detemir plus liraglutide, whereas those continuing on liraglutide plus metformin saw no further decrease in A1C after the run-in period. The results of this study show that combining basal insulin with a GLP-1RA provides an effective treatment regimen for patients failing to meet target A1C concentrations with GLP-1RAs alone. Despite the lack of an insulin-only control group after the run-in period, which prevents the conclusion that the addition of insulin was solely responsible for improvements in A1C, this study, in conjunction with other studies described above, provides compelling evidence in support of this theory.
The benefit of adding insulin to GLP-1RAs was confirmed in a study in which two different insulins, either protaminated insulin lispro or insulin glargine, were added to exenatide (used for .3 months) in patients with type 2 diabetes (duration of diabetes 9.9 years) (22) . Reductions in A1C of -1.16 and -1.40% were observed for insulin lispro and insulin glargine, respectively. The design of this investigation did not incorporate insulinonly or exenatide-only treatment arms. As with the insulin detemir study (21) , this limits the interpretation of the results but supports the overall conclusion of a benefit from combination therapy.
Research into the effects of adding insulin to DPP-4 inhibitors has been limited. However, one recently published study, involving 217 patients failing to control glycemia with metformin plus or minus sulfonylurea, compared the simultaneous addition of sitagliptin plus insulin detemir once daily (discontinuing sulfonylurea) versus sitagliptin alone over a 26-week period (23) . At the end of the trial, A1C had decreased by -1.44% with detemir plus sitagliptin. This was a significant (P , 0.001) improvement over sitagliptin alone where a reduction of -0.89% was observed. Unsurprisingly, patients treated with insulin detemir had a greater reduction in FPG (-3.7%) than patients receiving only sitagliptin: -1.2 mmol/L, P , 0.001. Reductions in SMPG profiles were also significantly greater with sitagliptin plus insulin detemir compared with sitagliptin alone. These results indicate that combining DPP-4 inhibitors with insulin provides a greater benefit to glycemic control than DPP-4 inhibitors alone. The lack of an active comparator (placebo plus detemir) in this study is unfortunate, since the relative contributions of detemir and sitagliptin to A1C reduction cannot be determined. Body weight. Increased body weight is a common, undesirable side effect of insulin therapy (24) . In contrast, GLP-1RAs have consistently led to reductions in body weight (25) . The improvements in glycemic control that result from combining incretin-based therapies with insulin allow reductions in insulin dose to be madedfurther enhancing the weight loss potential of incretin-based therapies. For example, in the insulin plus exenatide study conducted by Yoon et al. (5), body weight was reduced markedly from baseline values, falling -2.4 kg (P , 0.001) at 6 months and -6.2 kg (P , 0.001) at 12-18 months. An even larger reduction in body weight was recorded in a retrospective study in obese patients with type 2 diabetes (n = 160) (26) . Here, 12 months after initiating exenatide in patients already receiving basal insulin, mean weight loss was 12.8 kg, revealing the potential for treating obese patients with type 2 diabetes with insulin plus incretin.
When basal insulin has been added to GLP-1RAs there have been differing results, with some studies showing that increases in body weight have been mitigated and others revealing no difference (20, 22, 27) . Unlike GLP-1RAs, DPP-4 inhibitors in combination with basal insulin have not yielded reductions in body weight, with studies instead reporting a neutral effect (Fig. 1) . Insulin dose. The combination of incretinbased therapies and basal insulin offers the prospect of reducing the insulin dose requirement. This is an attractive proposition owing to the likelihood of further decreases in the risk of hypoglycemia and weight gain.
The majority of studies in which GLP-1RAs have been added to basal insulin regimens demonstrated significant reductions in insulin dose (Table 1) , and depending on patient characteristics, these have ranged between 15 and 63% (5, 6, 26) . With use of the association between insulin dose and weight gain, GLP-1RAs have been successfully used as an insulin-sparing tactic in obese patients with type 2 diabetes (8, 26) . For example, one study set out with the aim of reducing the insulin dose in very insulin-resistant patients and achieved a 28% reduction in the total daily insulin dose alongside improved A1C (8) . Some patients have completely discontinued insulin after starting GLP-1RAs, but the results of the Association of British Diabetologists audit revealed that complete discontinuation of basal insulin, upon initiation of exenatide treatment, led to a worsening of glycemic control for ;50% of patients. Therefore, discontinuation of basal insulin therapy is not advised (28) . The Association of British Diabetologists audit also revealed evidence of a trade-off between blood glucose control and body weight when insulin dose is reduced. One study has shown that reductions in insulin dose often fail to be sustained after 12 months (5), possibly owing to the progressive nature of type 2 diabetes. In another study where basal insulin was substituted with exenatide, it was concluded that while it is feasible to replace insulin with GLP-1RAs in some patients, those with a longer duration of diabetes, receiving higher doses of insulin (and with less endogenous b-cell function), were at greater risk of failing to maintain glycemic control (29) .
In most studies in which DPP-4 inhibitors have been added to basal insulin, protocols have specified that insulin dose remains unchanged throughout the investigation; therefore, further research is needed to establish whether DPP-4 inhibitors offer the same advantage as GLP-1RAs in terms of scope for insulin dose reduction.
Practical considerations
As with all new therapies, it takes time for the most effective treatment strategies to emerge; however, the studies to date support the complementary actions of basal insulin and incretins in combination regimens, regardless of the sequence of their introduction, as elaborated below. There are differences between GLP-1RAs and DPP-4 inhibitors that should be taken into account when combining them with basal insulin therapy.
The evidence suggests that GLP-1RAs tend to produce better blood glucoselowering results than DPP-4 inhibitors (30) . The impact of this difference in efficacy might be more important in patients with markedly elevated PPG levels, who need to achieve a greater reduction than those in whom PPG levels are only mildly elevated.
DPP-4 inhibitors have the advantage of being oral agents, but, since administration of basal insulin obliges injections, this should not be an overriding factor in Table 1dStudies where GLP-1RAs have been added to insulin Vora treatment selection. Depending on the products chosen, patients are often able to use identical injection devices for both components of an insulin and GLP-1RA regimen. Moreover, although injections have been traditionally perceived to be a barrier to treatment, the subcutaneous route of administration with GLP-1RAs does not appear to affect patient satisfaction (31) .
Gastrointestinal side effects such as nausea are commonly reported after initiating treatment with GLP-1RAs; however, this tends to be transient (32) . If the patient has already been established on GLP-1RA treatment, nausea will not be an issue upon starting basal insulin. In the reverse situation, when GLP-1RAs are being added to basal insulin, tolerability can be optimized by dose titration of the incretin. Clinical trials have also shown diarrhea to be a problem in some patients (33) (34) (35) (36) . Persistent gastrointestinal side effects could have a negative impact on long-term adherence to combination regimens.
The pharmacokinetic profile of incretinbased therapies should be considered when targeting fasting or prandial glycemia. Short-acting GLP-1RAs such as lixisenatide are most effective at lowering prandial glycemia, partly due to slower gastric emptying, whereas long-acting GLP-1RAs and DPP-4 inhibitors additionally benefit fasting glycemia. The longacting GLP-1RAs (e.g., liraglutide and exenatide once weekly) are most effective at lowering A1C and may be best suited for combination therapy in patients who are well above target A1C levels.
The study data show that basal insulin can be added to incretin therapies and vice versa with the expectation of clinical benefits. Specifically, a large proportion of patients starting on metformin and then sequentially adding GLP-1RA and insulin achieve A1C targets of ,7% (20, 21) . Furthermore, adding basal insulin to incretins obviates the need for downward dose titration of the insulin. Adding an incretin to basal insulin is, however, also worthwhile, since it can reduce the basal insulin dose requirement and thereby reduce hypoglycemia risk and facilitate weight management. Dose adjustment of the insulin is advisable at least when a GLP-1RA is added, but this regimen is nevertheless likely to be a better tolerated intensification step than addition of bolus insulin.
Several studies have reported very low rates of hypoglycemia for insulin plus incretin regimensdin some cases at placebo levels (Tables 1-2 ). Severe hypoglycemia is rare, with only isolated cases reported across the studies published thus far (6, 16, 17) . Sitagliptin, vildagliptin, saxagliptin, and alogliptin are predominantly renally excreted and require dose reductions to be made when prescribed to patients with moderate or severe renal impairment and with end-stage renal disease. Exenatide, also predominantly renally excreted, is not recommended for patients with severe renal impairment (creatinine clearance ,30 mL/min) or end-stage renal disease. Conversely, linagliptin has a much lower rate of renal excretion and is better suited for patients with renal impairmentdrequiring no dose adjustment. Liraglutide also has a lower rate of renal excretion, compared with DPP-4 inhibitors, but should be used with caution (and with dose adjustment), as data on its use in renally impaired patients are limited. Given that renal impairment can occur at any time as a complication of diabetes, it is advisable to monitor renal function regularly in patients who are taking renally excreted drugs.
Regarding patients with hepatic impairment, vildagliptin is not recommended. Sitagliptin, saxagliptin, linagliptin, alogliptin, exenatide, and liraglutide are considered suitable for use in patients with hepatic impairment without dose adjustment.
Exenatide and liraglutide both reduce blood pressure, body weight, and plasma lipid profiles in subjects with type 2 diabetes (37), while DPP-4 inhibitors provide small but significant improvements in blood-lipid profiles. This makes the combination of incretin-based therapies with insulin an attractive prospect for patients with or at risk for cardiovascular disease (38, 39) . Finally, the weightsparing effects of GLP-1RAs make them especially appealing for use in obese patients with type 2 diabetes who require insulin (40) .
GLP-1RAs and DPP-4 inhibitors are relatively new drugs, and cost remains a limiting factor in their use, particularly in state-funded health care systems such as the National Health Service. The economic advantages of combining incretin-based therapies with basal insulin have not been well explored, but this approach may provide a cost-effective alternative to other treatments. Hypoglycemia places a large financial burden on health care payers (41, 42) , and the low rate of hypoglycemia demonstrated in insulin plus incretin regimens may help to limit this. If combination therapy can be shown to slow the progression of diabetes, additional cost savings can be anticipated.
Summary
In conclusion, combining incretin-based therapies with basal insulin provides complementary actions, lowering both PPG and FPG, to improve glycemic control in type 2 diabetes. Theoretically, incretin-based therapies are an alternative to bolus insulin for certain groups of patients, such as the elderly, where meeting A1C targets must be balanced against the risk of hypoglycemia; however, studies evaluating any potential benefit in the elderly have not been conducted. Additionally, the weight-sparing effect of GLP-1RAs makes them well suited for use in patients with concerns about insulininduced weight gain. The improvements in glycemic control may reduce the incidence of diabetes-related complications, and taken together with the reduced risk of hypoglycemia, an incretin plus basal insulin regimen could provide significant health-economic advantages. Further research is needed to establish the longterm benefits of insulin plus incretin therapy.
